, we generated an EphA4 receptor carrying a ephA4 EE/EE mutant embryos and assayed its in vitro kiconstitutively activated kinase by replacing two JM tynase activity toward the GST-JM substrate. Basal EphA4 rosine residues with glutamate residues (termed kikinase activity in ephA4 EE/EE neurons was increased apnase-active EphA4 EE ). Here, we show that mice exproximately 3.5-fold compared to ephA4 WT/WT neurons pressing kinase-active EphA4 EE were deficient in the ( Figure 1E ). This is in agreement with the reported indevelopment of thalamocortical projections and some crease of kinase activity in other RTK mutants ( still observed a ligand-dependent 2-fold increase in kipointed to two tyrosines (Y596 and Y602) of the EphA4 nase activity of wild-type EphA4. In contrast, the higher JM region, which in the unphosphorylated form associbasal kinase activity of EphA4 EE was not further enate with the Eph kinase domain and autoinhibit the rehanced by stimulation with ephrinB3-Fc ( Figure 1G ; ceptor. Phosphorylation of these tyrosine residues, or Figure S1D ). Finally, we attempted to measure EphA4 kinase activity toward the GST-JM substrate in living replacement by glutamic acid, relieved autoinhibition WT/WT neurons, ephrinB3 induced kinase activity 2-fold above Fc control stimulation (kinase activity before stimulation was set to 1). In ephA4 EE/EE neurons, no significant increases above basal levels were measured at either 20 min or 40 min poststimulation (N.T., nontreated cultures) (average of n = 2 experiments). Data were expressed as the average ± SEM. (G) EphA4 kinase activity of the nonclustered receptor after elution from the immunoprecipitating antibodies. EphrinB3 (eB3-Fc) stimulation and immunoprecipitations were done as in (E) and (F). The receptor was released from the beads using 30-40 g of the KLH-coupled EphA4 C-term peptide per sample as described in Figure S1D . In vitro kinase activity was carried out using GST-JM as exogenous substrate. The background activity obtained in sibling samples using protein A beads only (without antibody) or in EphA4 immunoprecipitates without adding exogenous substrate was subtracted from each kinase activity value. Activity was expressed as fold induction over 
ephA4 EE/EE Mutants Have Abnormal Thalamocortical Projections
We next analyzed the topographic projections of dorsal thalamic axons to the somatosensory cortex, which were shown to require the presence of EphA4 (Dufour et al., 2003) . The area specificity and topography are controlled by ephrinA5, which is expressed in a low lateral to high medial gradient in S1, and by EphA4, which is expressed in a complementary gradient in the thalamic primary somatosensory nucleus (VB). In ephA4 lated spinal cord preparations, we subjected adult aniparallel hopping, the ratio B/A approximates the value 0.0. When applying this ratio to ephA4 EE/EE animals and mals to a gait analysis (Kullander et al., 2001a) . Visual inspection of the footprints of ephA4 WT/WT control and to ephA4 WT/WT littermate controls from two independent breedings, we could not detect any significant difephA4 EE/EE mice revealed a normal alternating step pattern with the placement of each hindpaw where the ferences between both groups of mice ( Figure 4C ). Neither could we detect differences when we included one forepaw had been ( Figure 4A ). In contrast, mice expressing signaling-deficient EphA4 GFP receptors moved copy of the inactive ephA4 GFP allele to sensitize the phenotype ( Figure 4D Figure 4B ). During perfect alternaing that in the presence of an intact sensory feedback loop paw placement is normal. tion, the ratio B/A approximates the value 0.5. During velopment even when the EphA4 kinase is constitutively active implies that when ephrins engage EphA4 during development a signaling mechanism must operate in addition to activation of the RTK to allow for normal development. To test this hypothesis, we used the in vitro growth cone collapse response of primary dissociated neurons derived from ephA4 mutant mice (Figure 5A) . Neurons from the embryonic part of the cortex that will give rise to the future motor cortex were chosen, because 85% of the cultured neurons expressed EphA4 (data not shown) and because neurons from this brain region project CST axons. Moreover, ephrinB3-induced growth cone collapse was strictly dependent on EphA4 signaling. As shown in Figure 5B , preclustered ephrinB3-Fc doubled the number of collapsed growth cones in cultures derived from heterozygous ephA4 GFP/+ neurons but was inert on homozygous ephA4 GFP/GFP cultures. In contrast, ephrinA1-Fc was as effective on control and homozygous ephA4 GFP/GFP cultures, suggesting that these neurons expressed additional EphA receptors. Notably, EphA4 kinase signaling was required, since ephrinB3-Fc failed to induce growth cone collapse of neurons expressing kinasedead EphA4 ( Figure 5C ). Cultured neurons expressing kinase-active EphA4 EE receptors displayed the same rate of spontaneous growth cone collapse as control ephA4 WT/WT neurons ( Figure 5D ), confirming the notion that activation of EphA4 kinase activity alone is not sufficient to trigger EphA4 signaling. Stimulation with preclustered ephrinB3-Fc induced the same collapse response in both neuron populations ( Figure 5D ), suggesting that ephrinB3 has an additional key function, possibly clustering of EphA4 that is independent of the induction of JM autophosphorylation. Figure 7A ). In contrast, the acThe results presented above indicated that, despite having deregulated kinase activity, the EphA4 EE mutant tivity of ephrinA1, which appears to induce growth cone collapse largely independently of EphA4, was not influreceptor was still able to normally regulate certain biological functions. The finding that EphA4-mediated enced by preclustering ( Figure 7A ). To directly address the role of receptor clustering in events can occur at the right time and place during de- regulating the biological function of EphA4, we raised EphA4 EE receptor is devoid of these two residues and yet is largely signaling competent, suggesting that unan antibody against the globular domain (GD) of EphA4 der certain circumstances the primary role of these ty-(α-A4 GD ) and used it to cluster EphA4 artificially, inderosine residues is in the regulation of kinase activity pendently of ephrin, and to induce growth cone col- Figure 7D ). FLAG-tagged version of ephexin1, which after immunoTaken together, these results suggest that the biologiprecipitation from cell lysates was analyzed by Western cal readout of the EphA4 EE receptor is regulated by the blotting using an antibody against phosphorylated degree of receptor clustering. They further suggest that ephexin (P-ephexin). As shown in Figure 8A, induced the phosphorylation of ephexin1 compared to have abnormally. We hypothesized that a navigating control Fc ( Figure 8B ). However, only the phosphorylagrowth cone with a constitutively active Eph receptor tion of ephexin1 by ephrinB3-Fc was EphA4 depenwould undergo spontaneous collapse in the absence dent ( Figure 8B ), which correlated with the growth cone of ephrin engagement. Consequently, the formation of collapse responses. Importantly, ephexin1 phosphoraxon tracts expressing EphA4 would have been deylation was also induced by ephrinB3 stimulation of fective or severely delayed. We further reasoned that a kinase-active EphA4 EE receptor, and the degree of constitutively active EphA4 receptor may trigger inephexin1 phosphorylation was comparable to wildcreased endocytosis and intracellular trafficking which type EphA4 ( Figure 8C ). These results demonstrate that would reduce the concentration of EphA4 in the plasma the kinase-active EphA4 EE receptor mediates phosmembrane and the sensitivity toward ephrins. In this phorylation of ephexin1 and that this event is controlled case, the phenotype would have been similar to a lossby clustering of EphA4 EE by ephrinB3. Therefore, epheof-function allele. Unexpectedly, EphA4 EE mediated xin1 phosphorylation is an event that correlates with normal development under several circumstances, the ability of EphA4 EE to mediate axonal growth cone suggesting that EphA4 EE engaged ephrins normally collapse.
whenever the growth cone contacted an ephrinexpressing cell population. The fact that EphA4 EE is fully activated with respect to its kinase activity before Discussion ephrin engagement suggests that the ephrins trigger events in addition to activating the kinase. Our in vitro Here, we have shown that a constitutively active EphA4 growth cone collapse assays suggest that ephrins actireceptor mediates several of the in vivo functions that vate EphA4 signaling by higher-order clustering. Clusrequire EphA4 forward signaling. These results were tering in turn induces the phosphorylation of ephexin1, rather unexpected, since based on previous work with other RTKs, we expected the EphA4 EE receptor to bea modification that leads to activation of its exchange is more critical when the growth cone has to sense an can produce a normal cellular response despite the fact ephrin gradient. In this respect, it is interesting to note that its kinase activity cannot be further increased.
that the physiology of the CPG was not completely norThe phosphorylation of ephexin1 appears to be one mal in the ephA4 EE/EE mutants. In the normal spinal of the key steps in repulsive guidance mediated by cord, EphA4 signaling is required for CPG neurons proEphAs. Ephexin1 had previously been shown to interact jecting ipsilaterally to an unknown target and respondwith the cytoplasmic domain of EphA4 and to modulate ing to so far uncharacterized ephrins. We observed a ephrin-induced RhoA activation, Cdc42 and Rac1 inhicertain degree of drifting of firing patterns between L2 bition, and cell morphology changes (Shamah et al., and L5 and aberrant synchrony at lumbar level 5 in the 2001). Using neurons derived from ephexin1 knockouts, ephA4 EE/EE mutants, which was not observed in conephexin1 was shown to be required for ephrin-induced trols. It is tempting to speculate that the EphA4-depengrowth cone collapse. Mechanistically, EphA4 signaling dent ipsilateral projections are topographically orgaleads to tyrosine phosphorylation of ephexin1, a modifinized and that they follow similar constraints as the cation that enhances ephexin1's substrate preference thalamocortical projections. If this were true, then for RhoA, while not altering its activity toward Rac1 and EphA4 would have two distinct functions in the spinal Cdc42, changing the balance of GTPase activities. Im-CPG: first, to prevent aberrant midline crossing (resportantly, ephexin1 phosphorylation is required for cued by EphA4 EE ) and, second, to provide ipsilateral growth cone collapse (Sahin et al., 2005 
pens largely independently of the regulation of EphA4
The loxP-flanked neo cassette was removed in vivo by crossbreedkinase activity. We suggest that ephexin1 is recruited different from that of corticospinal or spinal cord inter-
